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A STUDY OF FACTORS AFFECTING THE STZADY SPIN
OF AN AIRPLANE

By Nathan F. Scudder
SUMMARY

Data from wind-tunnel tests on a model of the FI-1
airplane were used in a study of the effect on the steady
spin of a number of factors considered to be important.
The factors were of two classes, mass distribution effects
and aerodynamic effects.

The study indicated that mass extended along the lon-
gitudinal axis has no debrimental effect or is even slight-
ly beneficial, mass extended along the lateral axis is det-
rimental if the airplane spins with the innoer wing tip far
down, and mass extended along the normal axisg, if of con-
siderable magnitude, has a strong favorable effect. The
aerodynamic effects considered in terms of rolling, pitch-
ing, and yawing moments added to those for a conventlonal
airplane showed that gdded stable rolling moment could con-
tribute favorable effect on the spir only in decreasing
the amount of inward sideslip required for equilibriumg
negative pitching moment of moderate magnitude has unfavor-
able effect- on a high-angle~of-attack spin, and stable
- yawing moment has pronounced beneficial effsct on the spin.
Experimentgl deta from various sources were avallable %o
verify nearly all the deductions resulting from the study
of the curves.,

When these resulits were considered for the purpose of
deciding upon the best means to be developed for control-.
ling the spin, the yawing-moment equilibrium was found to
0ffer the most promising field for research. The wing-cel-
lule yawing moment, of which thse shape of the chord-~force
curve is an approxlmate meagure, should be made as small
as possible in the unstadle sense and the damping yawing
moment of the tail should be made as large as possible.
The most serious unfavorable offsct on the damping yawing
moment of the tall is the blanketing of the vertical sur-
faces by the other parts of the tail. '
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INTRODUCTION

In a previous study of the steady spin (referencs 1),
it was found that wind-tunnel data obtained in simple force
and moment tests with a stationary model could be utilized
with fair success in an analysis of the conditions for e-
quilibriun in a stezsdy spin. The wind-tunnel data used in
that case were obtained on a model of the NY-1 ailrplane
tested at angles of attack up to 90°. The data were usad
to predict the angles of attack at which spinning equilib-
rium would occur in flight by utilizing the method of ansl-
yeis-outlined by Fuchs and Schmidt (reference 2). A com-
parison of these results with flight measurements for the
NY-1 airplane showed the agreement to be reasonabdly satis-
factory. - - . :

The curves derived from these wind-tunnel tests in
connection with the previouz analysis have subsequently
been used in a general study of the effwvct of various fac-
taors affecting the stemndy spin. The results of this sto&y
are presented herein. The -fact that the study 1s neces~
arily confined to consideration of the conditions of equi-
librium. for the steady spin does not prevent the rosultis
from being of corngiderable practical walwe. In any cteedy
spin the ppposlng aerodynamic and inertia forces are ip e~
quilibrium. The dahgerous or uncontrollable spin arisgss .
from the fact that this equilibsium cannot be mpset br
movement of the control surfaces. By studying ths: effcct
of variatlons in the factors that influence. the eguilivrium
conditions, one lecarns what the relative importance of the
factors is and what design factors tend to nake squilibriwa
impossible. A knowledge of these factors is importaat for
all airplanes, becauss there must be provision in the form
of controls to upset equilibrium guickly and surely before
the airplane may be consgidered safe for genaearal use as long
as there is possibility of equilibrium in a spin. Ii might
be argued that the problem of spihning may be solved by ad~
justing the properties of the airplanc 80 that entry into
a spin would become BXZtremely difliculit, as has beser accom-
plished with a fev.airplanes alrcady, dut this measur: alonu
cannot be considered a complete solution of the probdleii.

. The deductions are given in generrl terms as treads
rather than in terms of spccific. nurerical values, ani con~
sequently may be considercd as more or less generally ap-
plicable to ell airplancs of conventionzl form. The effects
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of all possible mass—dlstrlbution combinations were con-
gidered for an airplane having nprmgl aerodynamic _proper-
ties.. Then,' in order to decide wha}, aerodynamic pProper—

‘oties of an airplane could be most effectlvely improved

with regard to spiuaning, the ef ffécts OFf a purs rolling mo-
ment, pitching moment, and yaving moment.were considered
separately. Some spscial dev;ces thq% have been comsid-~
ered important with regard to spinning beceuss of the acro-
dynamic moments they producse ara a .80 &iscussod very brief-

_1y., . R S PR

METEOD OF AWALYSIS. _i -

The studj of the effects to be considered herein was
facilitated. by the existence of the curves already avail-
able. from reference 1. These curves are reproduced in.. ;
figures 1. .%o 6, “intclaosive. rThe for¢ce curves for the NY—
model (fig.: 19. and .the normal- and chord-force curves. (fig.

" 2):will Dbe. employed bcetasionally, but, the rolling-momenf’

equilibrium (£igi?39,: pitching-moment equilibrium (fzg. a4y,

~and yawing-momenl. squilibrium curves (fig. 5) and the -

curves :fpor, equilibrium- of three momeants (fig. 6) wlll be.
used continually in the discussion. It will be noted that
the shape of the rolling- and yawing-aerodynamic-moment
curves is such that ‘more than one intérsection demoting’
equilibrium with the 'Syroscopic moment curves may occcur for
the:same .value of glide~path angle. For thls reason there
are -three rolling-moment equilibrium curves and simila?Ty
two yawing—moment eguilibrium curves on figure 8. The .,
derivation of the curves was based on strlp theory. Tho
assumptions employed are given in dotail’ in roferencos L.
and 2.. The axes smployed for expressing componguts’ of,fu
moment and ferce were the hody axes, ap taese g01nc1de al—
mosgt- exactlv with the principal axes.’hfn N

Vo The use of these curves in findlng the effect of a8’
particular factor will be described only Dbriefly, since a
complete digcussion would require the repetitlon of equa~
tions given 1ln several previous papers,ﬂsuch as reference ‘1.
The main steps of the process are. a8, follows: First, the-
effect of the factor on the aerodynamic and gyroscopic mno-

.ment curves is noted. This effect nay. be a shift of the

aerodynamic or the gyroscopic moment curves for one  -0of more
axeg:depending on whether thre factor introduces _aerodynamic
moments oxr -affects the mass distribution. Secondly, the ef-
fect on the moment equilibrium curves (fig. 6) is studied

to determine where the new point of intersection will fall,
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The new values of angle of attack and glide~-path angle are
obtained in this way. If other quantities, such as linear
velocity or amngular velocity, were desired, they could bse
read from the appropriate curves at the angle of attack and
glide-path angle found for equilidbrium of the thres moment
curves, (See figs. 5 and 6, reference 1l.)

This procedure may become slightly involved if the -
rolling-moment equilibrium curve does not pass through the
intersection of the pitching= and yawing-moment equilidbrium
curves., The lack of rolling-moment equilibrium, however,
may be readily compensated for by assuming a small amount
of inward or outward sideslip, which in turn makes only neg-
ligible changes to the forces and pitching moment and com-
pletes the conditions for equilibrium. The damplng yawlng
noment originating from the empennage may be affected serl-
ously by large changes in sideslip, but for small changes
in sideslip the chénge in total yawing moment is probably
small enough so that,:as"a working approximation, it may be
seid that failure of the rolling-moment equilibrium curve
to pass through the intersection of the yawing- and pitch-
ing-moment equilibrium curves may be entirely compensated
for by assuming an appropriate amount end sense of sideslilp.
The question of the "effect of large inward sidealip on the
damping yawing moment will be discussed later.

As has been indicated, this method gives, for final
results, shifts of or the elimination of curves denocting e-
quilibrium. Obviously the most desirable result would be
to find & combination of mass and aerodynamic Pproperties
for the eirplane that would make equilibrium of all forces
and moments impossible, or in other words, that an inter-
sectlon of the three moment eguilibrium curves could not
exist nor be made to exist by moderate changes in the va-
rious parameters of the spin motion. If this ultimately
desirable result cannot be obtained, combinations of aera-
dynamic and mass properties will be considered desirabdle
when they require that egquilibrium occur at relstively low
values of angle of attack excepting, possibly, extremely
low velues (between stall and 35°). Ordinarily the diffi-
culties of bringing about recovery are legs acute for alr-
planes that spin at low values of angle of attack than for
those that spin at high values of angle of attack. In ad-
dition, equilibrium with outward sideslip may be considered
more favorable to recovery than squiliorium with inward
sideslip, because the gcomotric orientatlon of the rudder
to-the incident air is less favorable with ilnward sideslip
- than with outward sideslip.
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EFFECT OF MASS DISTRIBUTIOXN

'The effect of mass distribution was studied by noting
the effect on the equilibrium of the three moments for ail
the possible changes of mass distribution. The changes of
mass distribution expressed as ballast added to or taken.
from the airplane in positions on each of the three axes,
the effect of the mass distribution on the individual mo=
ment equilibria of each of the thrse axes, and the Change
in the equilibrium of all forces and moments are given in
table I. These mass distribution changes are considered
as being made without_ change of the mass centroid of the
airplane. ' Since the assumed mass changes did not in any-”
way affect aerodynamic properties, it was only necessary
_to determine how the gyroscovnic moment curves were affect-
ed. and what the correspondlng changes in equilibrium were.
The entries in the table include only the simple incre#ises
or decreases of ballast because all the other combinations
may be derived from these. TFor example, the effect of add-
ing ballast on two axes slmultaneously is the samse as re—
moving ballast from the third axis for which the effect 1is
already given in the table. Tais relaftion is true because
the gyroscopic moments depend on the moment~of-inertia dif-
ference rather than upon their absolute magnitudss.- For
the same reason it follows that addition or subtraction of
the same amount to or from all three of the axes wonld
cause no chanbe. Only one of the remaining. combinations
need be considered; namely, the case of the addifion of
ballast on one axis and removal of ballast from another. In
this case there are changes for all three gyroscopic moments,
one of them bdeing changed by the sum of the two moment-of~
inertia changes. TFor purposes of the discu351on, however,
it is Just as satisfactory to note the effect given in the

table for each of the separate changes and combine these
effects.

A study of flight data aas been made to_dbﬁerminé“the
extent to which the statements of table I have.been veri-
fied in flight. Authoritative reports from varlous sources
in this country and abroad nave been consulted. The extent
of this verificiastion for changes in mass distribution a-
long each axis will now be considérasd briefly.

The effects of moderate eAt9291ons in the mass dis-'
tribution along the loagitudinal axis, wnich: were small de-
credses in angle of attack and rate’ of rotation, have been



confirmed in a number of instances. These confirmations
are t0o be found in the mass—dilstribution tegts on the NY-1
airplane (reference 1); mass~distribution tests on the
XN2Y~1 airplane (to be published soon); mass—distribution
tests on airplanes and flying models iz England (refor-
ences 3 and 4); and several authentic reports from aircraft
builders in this country. The same effect as that given

in the table for retracting the mass distribution along the
longitudinal axis has been observed in at least one attheon-

tlec cass.

The effect of extension or retraction of mass slong the
lateral axis is somewhat complicated Dy the fact that the
aerodynamic moment~squilibrium conditions have considerable
influence on the mannor inm which this typo of mage digtri-
bution will affect the spin. If the wing axes are practi-
cally horizontal, the angular velocity in pitch will be
practically zero and mass-distribution changes aldng the
laterel axis will have no influence on the spin. In cases
where sideslip is such that the wing azxes are not horizon-
tal, there is an important effect on the spin when the lat-
eral distribution of mass is changed., The resulits in the
table are applicable to the usual case with inner wing tips
down. Since no authentic observations of spins with outer
wing tips down have been made at this laboratory or report-
ed to us from other observers in this country (with the ex~
ception of spins with unusual control settings), such s -
cage evidently need not be considered further than to note
that the results would be opposite to thoge given in the
table. The results in the table have boon in complets a-
greemont with the roesulte of flight tests with tho XN2Y~1
airplane in its normal condition (to be reported soon) and
with a sharp-~leading-cdge strip installed on the wings
(reforonco 5). In the latter tests the wing axis was hori-
zontal and no effect wae obsoerved when ballast was put on
the wing tips. The statements regarding the effect of bal-
last at the wing tips have also been substantiated by flight
tests in Bngland, and if not actually substantiated, at
leasgt not refuted by tests reported in reference 6. In the
lattercase,. the attitude of the wings was not reported, but
it is probably safe to assume that the inner tips were down
for the 02E airplane, and that the wing axis was almost
horizontal for the 0l sirplane., This sssumption makes the
recsults reported in reference 6 agree with all other obser-
vatlons on this asudbject.

The effects of changes of mass distribution along the
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normal axis stated in the- tabie canndt readily De verified
"becaiise of" lack of flight data. It is interesting to note,
‘hdvzeverl ‘that the spinning of = small monoplane with over-
heed engine nacalle ‘has been reported o s to be unusually
satlsfactory. This monoplane entered tho ‘spin in ' a normal
mahner, but” would rocover immodiatély if ecither 'of the con-
trdls ‘were dased glightly toward neéutral, and wifth one
loadihg ‘condition, it recdovered against the controls after
four to six turns.  Another case of some interest in regard
“to this’ ‘subject, which should be recalled from reforence 1,
rolates to the effcct: of moving 1éad wolghts away from tho
‘center of gravity ‘along’a rod in the position of the normal
- dxis Uf a flying model, In these tests, the 'continued ex-
“tension of mass distribution along the normal a¥is caused
the model %o spin staeper and steepor unt11 finally it
would’ not spln at all. ) :
.. The findings of this study and the other 1nvestigations
of the effect of" mass distribution from which data have been
,drawn” may’ b’ summarized in terms applicahle to design prac-
“%ice as fgllows.
(a) fThe moderate changes of mass distribution
along the 1onsitudin&l axls likely to be encounterocd
in various arrangements of the structure and loads of
an airplane of conventional design are not important,
gnd in this case arrangements that tend %o make the
.extenslon of mass along thé longitudinal axig great
are slightly preforablo. On tho other hand, if the’
design of an airplane is such that the difference
(C-A)* " may be diminished to.less than half the:value
of that charucﬁeristic of present conveﬁ?&onal air-~
plane designe, then such retraction of mass aldng the
longitudinal axisg is Very desirable., A decrease in
(6-A) of sufficient magnitude to be beneficial is not
" pogsible if en airplane is %0 have '6vén the same gon-
eral appearancoe as the convenilonal landplane of today.

(B) It is good practice to' have the extension of
mass along the lateral axis as small as poesible,.al—
though it often does not make any d1fference._

P . —

*4A, B, and © are moments of 1ne?tie in slugrft}z.abott
the three airplane axes X,HY, andwz;_respect;vely.'“

et .
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(¢) ILittle can be done with mass distribution
along the normal axis that i3 of sufficient magnitude
to be important in common airplane arrangemonts. If,
however, the cngine is mounted in a nacolle over the
wing, favorable effects may be expected because re-
moving the motor from the nose and placing 1t some
distance above the coenter of gravity produces a com-
bined effect large enocugh to give favorable resulta,
The addition of floats to an airplane otherwlsce slmil-
lar to conventional landplanes nmay be sxpscted to af-
fect the gpin unfavorably, partly becauge the momont-
of~inertia contribution of the floats  'is not great e-
nough to extend the effect of mass distr?bution along
the vertical azis into the :favorable range and partly
becaunse the presonce of the-~float or floats may un-
favorably affect the asrodynamic pitching =nd yawing
moments. Tho importance of the yawing-momoent offoct
will be discussed later. In one case at least, tonat
of the NY-2 searlane (single floa%t), the differenco
in poments of inertia (reference 7) hetween the land-
plane and seaplane ig largely a differonce that xight
bs obtained by adding ballast at the wing tips.

EFFECT OF AERCDYNAMIO MOMENTS

The effect of added aerodynanic moments on spinning
equilibrium may be¢ found by the method employcd for thae
study of the effect of mass distrilution. In this case the
primary effect is some arbitrary change of a set of anero-
dynamic-moment curves. This change may in turn nroduce sec-
ondary changes 1ln other asrodynamic moments if a chenge in
sldeslip should %e introduced, and 1f nmany secoundary ef-
fects occur, the condltions become too complex to lead to
.clesar conclusions, Fortunrnately, this complsxity does not
always develop. : ’ B

Rolling moment.~ The efiect of addod rolling momcnts
is conplicated by the effeet of rolling moment duc to slde~
slip. Moderats magnitudes of added rolling moment of olther
sense will evidently bproduce a now spin equilibrium at a
glightly different attitudo and rate of rotation as shown
by tracing through the effect of sldesllip changos. Owing
to the large effeect on the rolling monept of practical mag-
nitudes ofwideslip, fairly large rolling moments are of-
fectlvely compensated for by small changes in angle of side-
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slip. The magnitude of this differencse in attitude is nd%
easily determined . from the subject curves. Some computa-~
tions based on comparatively extensive model measuréments
made in England (reference 8) indicatd that for the air—
plane studied in those tests a stable rolling moment (op=~
posing the spin) would produce eguilibrium at a higher
angle of attaclk and higher rate of rotatiorn., It 1s evident,
-however, that extraordinarily large stable rolling moments
would bring about recowery. Such large rolling moments
could nct be produced by any practical alteratlon to con-
ventional airplanes, which leads to the conclusion that 1it-
tle direct benefilt could be derived from added rolling mo-
ments. : . . .

~There are indirect effects of stable and unstadle
rolling moments, however, which should be metioned. The
outward sideslip characteristic of equilibrium with stable
rolling moment is associated with an attitude in which the
wing ‘axis is nearly horizontal. This effect is desirable,
a8 mentioned before, unless the ocutward sideslip iz so
great that the outir tip is forced far below the horizon,
in which . case equilibrium might occur et high angles of
attack if (A-3) were negative. - Spins with oubter wing tips
down, however, seldom oc¢cur. Unstable rolling moments
will induce inwerd sideslip which causes the inner wing
tip to go down. This is an adverse effect as regerd the
angle of the vertical surfaces relative tq the incident
wind, If, in sddition, (A-B) is positive, equllibrium can
only occur at high values of ‘o and . If (A-B) is neg-
ative, the effect of decroased damping moment in yaw duo
to change in angle of the incident alr on the vertical
surfaces 1s partly compensated for by the change of gyro-
scopic moment, with the conseguence that the angle of alt-
tack and rate of rotation for equilibrium are not greatly
changed.

Since the maznitudes of the rolling moments considé?bd
in this part of the discussion are not extremely large, 1t
is evident that where unfavorable spinning conditions are
agegravated by the particuldr magnitude and sense of cellule
rolling moment prevailing, some desirable effects mEY be
obtained by appropriate changes in the cellule rolling-mo-
ment chargcteristics. Such changes &hould be introduced
by changes .in the cellule arrangement (chiefly gtagger in
biplanss) or section characteristics, since control Sure:.
faces are not well suited to this function at the high-un-
gle-of-attack coaditions prevailing in the spin. An exam-
ple of such o change that actually has been accomplished .
is the case of the experiment with a sharp leading edge in~
stalled on the wings of the XN2Y-1 airplane (reference 5),
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The measurements of eideslip angle showed that the side-
8lip was changed from a moderats value jinward to a stvong
value outward by the addition of the strips. The docrease
in angle of attack is to be attributed to othuer causocs to
be discussed latcr under yawing momenta,

Sidesllp, as indicated adove, plays an important and
unique role in the equilibrium conditions of the spin. It
has predominating influence on rolling-moment equilibrium
without having effectes of importance on the ogquilibrium of
forcos Along any of the axeg or of the moments ebout the
lateral and norial axes. The study of the curves 1lndicates
that if rolling moment were not generated by sideslip, a-
bility to resch spinning equilibrium would be a rare, rath-
er tlan an almost universal property of airplanes. From
this conclusion, it follows that if a means of controlling
the sideslip could be found, mass distribution might be
adjusted so that splianing equilidrium for many iypilcal com
binations of acrodynamic properties would not be possible,
which would bs a very degirable resnli. Fractically no in-
formation is available at present to ilndicate whether an
appreciable effect om the rolling moment due to sideslip
could be obtained by devices or wing-tip shapes dsveloped
for the purposo. 4 preliminary stmndy of the gucstion 1s,
therofore, in progress. 7 o

Pitching moment.- Piteching-moment equilidbrium, com-
pared to the equilidria of moments about the other axes, is
an equilibrium betwecen moments of very large magnitude. A4
study of the curves shows that in the high~anglo-of-attack
range, a mpderate inc¢rease in acrodynamic pitching moment
(diving) showld caunge an increasc in angle of attack and rato
of rotation for equilibrium. This offect has boen demon~-
strated by the flight measurements with elevator down on
the NY-1 and XNI2Y¥-1 airplanes and observed for other alr-
planes. It tho change in aerodynamic pitching momeni 1is an
extremely largo diving momont dut with no important chaige
in the slope of the pitchlng-moment curve plotted agalnsi
angle of attack, then the eguilibrium state may be sghifted
to & low value of angle of attack, If it were possaible to
malke the slope of the curve of acrodynamic pltching moment
Tor the subject airplanec steep in the angle-of~attack range
of 250 . to 45° {(of a slopo equivalont to the slopc betweon
o = 00 and g = 25%), then the pitch oquilibrium curve
wonld be approximately parallel to the two yaweguilibrium
curves and about midway between them. Such an arrangement
would be ideal for-eliminating the possibility of equilibw
rium in the spin, dut the measures necessary for this
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regult would probably not be considered practical. Some
method of delaying the stall of the tail surfaces until
-erH high vailiues ‘of angle of attack had been reached com=,

bineﬂ with unueually 1arge stagger mlght be effective.

-
l\ i <

.._..k —_ - - T — Iy

- =

“-“*Stagger and’ center—ofegravity position may’be conside
eried 1&-the 1ight of theeffect of poderate pitching mo-"
ments, - An- examination'ehows that positive stadggar alone,
"because it increases the aerodynamic diving moment (ref-
ervices 9 and 10), leads'td" equilibrium at a slightly high-
e angle of attack than would occur for zero stagger when
pitchlng moment only is considered. Similarly it is seen,
"that a rearward position of center of gravity is slightly.
Better than a forward one. It must be remembered that :
positive stagger affects the . rolllng moment in a manner
that might be much méré important than the effect here cif-
ed, 'and that a rearward positiomn of center of graV1ty usugl-
1y has an unfavorable effect on the first stages of the en-
try into a spin. The effect of a forward position of the
cernter of gravity has especially comspituous favorable &f-
fects on the entry into a spin 1f the poeitive .pitching mo-
ment producible by the elsvator is inddeguate to cause com-
plete - stalling.- fnstances of this effect of center—of-
gravity position are to bs found described in referencee

11 and 12.

The effecth of 'both stagg®f and center- of-grav-

ity position as related %o pitching moments Are amall and
not worthy-of very serious consideration for the steady

spin.

Yawing moments.~ The moments that make up “the yawing—

moment egquilibrium are all very small comparéd with the |
moments about the otheér axes, and, for other reasong dis~-
cussed later, ‘constitute the most prémising field for re-
search dirécted toward control of the spln. The effects of
a pure stablé yawing moment (opposing or damping the spin .
yawing motion) and a pure unstable moment are given in the

follow1ng table.

'Sﬁift of'yawihg—mqment' Ghange ‘tn anglq qf at- -

eguilibrium curves tack of steady spin . '
Added Low-angle- High-angle- Low-angle- High angle7,
moment of-dttack of-attack | of-attack  of-attack .. :
curvo curve'l”__ curve T curve
Stable Toward . Toward low- Increase DecreaeeT
higher o er & )
Unstable”~Toward 'Y 6w= Toward f"Increagg,_ Decreaser“;

er ~ &7 higher o'~
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It will be noticed that the yawing-moment equilibrium
curve situated in the low-angle-of-attack range (200 to
30%) on figure 6 gives opposite results to those of the
corresponding curve at higher angles of attack. The posa-
sibility of spinning in the low-angle-of-attack. range de~
pends on somewhat special conditions as shown by the nature
of the curves. Such a condition might be expected also be-
cause spins in this range are seldom observed. The curves
indicate that rolling-moment @gqiilibrium could be expectied
only for the smaller values of - -y (glide-path angle)
provided that equilibrium could be obtained for the moments
about the other two axes. Equilihrium of these latter mo-
ments does not appear to he readily possible for the NY-1
airplane, but might be po88ible with other airplanes. The
large stable rolling moment at large values of -y 1is,
however, characteristic of practically all airplanes. Dur-
" ing the spin tésts with the NY-1 airplane, a madeuver,
which the pilots called a "tight spiral', occasionally re-
sulted from attempts to entser the spin., This maneuver was
characterized as a rotating rapild descent with nose almost
straight down and with very large control forces being re~
quired to hold the airplane in the maneuver. It was nover
continued long snough to determine whether an equilibrium
state existed. This manéuver may have involved the low-
angle~of=-attack yawing-moment equilidbrium curve,

The curves show, &s stated above, that a damping .yaw-
ing moment would lead to. & new state of equilibrium at a
higher angle of attack and rate of rotation when the angle
of attack 6f the spin is within the range of the low-angle-
of-attack curve. It is evident, however, that if the damp-
ing yawing moment becomes large enough, equillbrium would
not be possible. Because the magnitudes of these momenta
would be comparatively large, the moment resulting from
setting the rudder ageinst the spin might, inmany cases,
be insufficient to eliminate equilibrium, and then the spin
would continue against the controls. The likellhood of
spin 2quilibrium againgt the controls is clearly indiceted
by curves for elevator down assuming the addition of damp-
ing yawing moment by reversed rudder setting. (See fig.
15, reference l1,) It appears, therefore, to be necessary
to apply a very largse. damping yawing moméent to eliminate
spinning equilibrium in the angle—~of-attack range of the
low-angle-of-attack yawing-moment eguilidbrium curve. Of
course this regquirement mizglht not always be evident because
recovery might be obtuined by setting up an osclllation by
means of properly timed application of moments not neces-
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sarily as large as thoge required to sliminate equilibrium
conditions. : .
The effect of a damping yawing moment on the equilib-
rium of a spin in the angle-of-attack rsafd to which the
high~angle~of-~attack yawing-moment equilibrium carve ap-
rlises 1s showia by the curves to bs a decreasé "in angle of
attack and rate of rotation, which are of greater magni-~
tude as the damping yawing moment is increased until equi-
librium is no longer possidle. As damping yawing moment
is added, the two squilidrium curves come closer togéther
unotil they meet, and, finally, this point of intérseetion
moves to & region on the chart abové the pitching-momént e-
quilibrium curve. Evidently no spinning eguilibrinm can
exist with such a disposition of the curves. The indica~
tions are that a demping yawing moment sufficient to pro-
duce as extensive a change in the position of the curves '&@s
just described would be greater than the suddenly applied
rudder moment ordinarily required for recovaery. "The nmsch-
enism suggested in reference 8 indicates that a prqperly
timed application of moment might start a series of svents
resulting in recovery, while an equal moment apPliecd in some
other manner would merely set up a new condition of spinning.
Théory suggests, therefore, that the conservative design
Practice would consist in providing sufficieant damping yaw-
ing moment by means of fixed parts of the airplane so that
the undesirable spin characteristics would be eliminated, or
so that, 1f possible, spinning sguilibrium wouii be éIlminav

ed. TR T

Definite experimental verifications for many of the
preceeding statements regarding the effect of damping yaw-
ing moments are already available for a few clear cases and
for a number of other cases if certain reasonable assump-~
tions are made. A case that may be considered definite is
that of some British tests (references 3 and 13) on an air-
Plane which was reported to be almost entirely uncontrol-
lable in the spin and which was made easily controllable
by the addition of.vertical fin area. The effect of added
fin area was, as demounstrated by wind-tunnel tests on a
model of the airplane, %o increase strongly the damping yaw-
ing moment. The same improvement .in spin. characteristics °
was demonstrated with a flying scale model of the sams air-
plane. If now 1t is assumed that addition of fin area aft
of the center of gravity will never produce other than
damping yawlng moment (except when no moment whatever is
produced), all tke effects of increasing fin area may be
taken as further evidence of the effect of damping yawing
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moment. 4 number of such casesg observed during the couree
of investigations made Dy the National Advisory Committee
for Aeronauvtics or reported from resliable outside sources
have invariably shown that addition of vertical fin area
has produced either a decrease in angle of attack and rate
of rotation or has had no effect. The failure of added fin
area to develop any appreciadle damping moment, and corre-
spoundingly to affect the spin, is a gquestion of the design
of the entire tail of the airplane and of the geometry of
the spin. ‘

One further topic related to the magnitude of yawlng :
monents of the wingeé and of the rudder should be mentioned _
at this point. Recént tests on a flighter~-type airplane
have shown ‘that it 1s possible to—attain a condition of e-
quilibrium with the rudder reverscecd. This state of spin-
ning was obtained by operating the c¢ontrols in such & man~
ner that as little impulse as poseible tending to start
recovery would be produced. It was done usually by & slow
procese of reversing the rudder over a period of geveral N
turne, dbut it was possible to make the trainsition also by
a very abrupt couplete.reversal of the rvddor. The equilib-
rium is guite unstable and is charactoerized by low angle
of atteck and extreme inward sideslip. The existence of
this state of eguilibrium 8t a low anzle of attaclk might
be expected from the form of the yawing~moment curves of
figure 5. The curves on this figure are probably repre-
sentative of the curves for conventional biplanes., 4An air-
plane haviang comparatively ineffective fin and rudder, ae
was trune for the fighter-type airplane, probably would not
generato sufficient dawping yawing momeont from the fuselage,
fin, and reversed rudder to oxceed the maximum value of un-
stable wing moment in the 1ow-ang19 of-attack range slimilar
to tho value computed for the NY-1 airplanse.

Summary of effect of asrodynamic mggents.- The effects
of the addition of- aerodynanic moments about each of the
airplane axés whon considered with a view to declding upon
the most satisfactory mothod of Iavorab1y altering or com-
pletely upsetting epinning equilibrium may be vory dbriofly
outlined from the results of this study as follows: (a)
Added rolling moment, when of practical magnitudes, would
usually bring sebout. a new state of spinning egquilibrium to
be.distinguished from the original equilibrium state mainly
by & change in sideslip angle; (b) added pitching moment,
in order to have beneficial effect, must bs very large in
the negative sense;-and (c) added damping yawing moment

\ - - - - - -
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will usually have beneficial effect when of small magni-
tude and always when of large megnitiade, but even these
large moments are much smaller than the moments considere&
. for the other two axes, .

| DISCUSSION T -

It is evident, of course, that certain measures could
be employed to produce favorable effects by dltering the
moments about the rolling and pitching axes, but there are
no meagures which seem as promising as those of deveIOping
the Pbest relationships bstween the components of the yawing
moment., This problem may . be divided into two, phaees‘ one
the study of means of avoiding large unstable yewing mow-
ments arising from the wing cellunle throughout the complets
range. of angle of attaglk, and, the other, the design of the
tail of the eirplane to give e 1arge damping moment through-
out the complete angle-of-attack range. The main considera-

. tion 18 the first case is that of the nabtire of the chord

component of the composite collule forceo curves throughout
. the complete range of angle of attack; the second is main-
ly & conslderation of means of overcoming the blanketing
_of the vertical surfaces that usually occurs,

With regard to the cellule yawing momente it is evi-
dent that when & portion of the chord-force curve has a
positive slope the wing yawing moment will be unstable in
the range of angle of attack in which this portion of the
.ecurve governs.-the wing moments, If the chord-force-~curve
slops is zero the wing yawing moments wlill be gero, or if
- the slope of the chord-force curve ig negative the wing
yawing moment will be stable (damp the spin motion). It
may readily be realized that such moments arising from the
wings have the potentiality of being large because the for-
ces on the winge are large and the moment arms may be very
large.  The mechanism of the disposition of forces which
leads to these conclusions is easily understood when it is
noted that the outer wing tip (fig. 7) is usually at an an-
gle of attack somevwhere between a few degrees helow stall
and a few degrees above stall, whereas the angle of. attack
of the inmner wing tip is in the range between 50° and 70°
when the. angle of attack of the center eection is between
40° and 50°, 1If the chord-force curve is similar to the
one used in this study (fig. 2), the chord-force componsnts
along the apan could be replaced by 2 single force at the
outer tip directed forward along the chord of the wing for
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a conglderable portion of the spinning~angle~of-attack
range. Such a force system is associated with the unsta~
ble yawing momexnts of the wing cellule shown for the an-
‘gle of attack range (of the center section) between 200 and
50° angle of attack in figure 5., If the slope of the chord-
force curve is zero throunghout, the yawing moment will be
zero, and 1f the slope ig negative, thean the force system
could be simulated by a single force at the outer wing tip
directzd backward, which would give & stable or damping
yawing moment, _

An analysie of chord forces of various scctions snéd
cellules was therefore made with snch wind-tunnel deta as
exist for high angles of attack. The tegts of reference 9
extending through a 90° angle-of~attack range wero well
suited for this use, but tests extending to abouil 300 angle
of attack also give some idea of the yawing moments. The
results of the study indicate that (a) thick airfoils have
considerable varistion of chord force with unfavorable
slope, (b) thin symmetrical airfoils have practically no
chord force, (c) an unstaggered biplane cellule 1is essen*ial—
1y the same as a monoplane of the same airfoil, (d) stagger
without decalage and decalage without stagger do not materi-
ally alter the curve from that for the airfoils alone, and
(e) gaep-chord ratios 'in the usuval range have little effsct.

The tests by Fuchs and Schmidt (reference 1l4) ghow
particularly interesting results for one combination of
wing and auxiliary airfoil., Figure 8 reproduces thelr test
results for that combinetion and includes a sketch of the
arrangement, It is seen from the chord-force curve that no
appreciable unstable yawing moment could be produced by this
combination. Referring to the-discussion alreadygiven with
regard to yawing-moment equilibrium, it 1s scen that if
(A-B) is negative (the usual case), then the spin would only
be possible if the rudder (Oor aileron) could give a yawing
moment ‘in the direction of the spin (unstable), With con-
trols neutral, recovery would be imperative., Thus, the ef-
fect of the auxlllary airfoil, by favorably affecting the
spin with controls neutral, while the "continually rising"
normal-force curve sought in the Fuche and Schmidt investi-
gation could alone only be sexpected to insure that the spln
would be characterlized by & moderate outward sideslip with
the wing axis practically horigontal.

One further group of tests should be cited here be-



cauge it gives experimental verification of the effect of
the shape of the chord-fores curve, These were wind-tun~-
nel and flight tests of the effect of adding a sharp lead-
ing edge to the wings of an airplane and to Clark Y and
GBttingen 398 airfoils (reference 5). TFigure 9 shows the
normal and chord-force curves for a Gbttingen 398 airfoil.
The flight tests were made with a Clark Y - M 15 airfoil,
but wind-tunnel data show that the sharp leading edge had
the same effect as on the GSttingen 398 airfoil. The ro-
duced variation and positive slope of the chord-force curve
would indicate reduced unstable yawing moments. Reduced
unstable yawing moments, according to the above-presented
discussion of the effect of yawing momentes on the spin,
would cause a decrease in angle of attack and rate of ro-
tation in the spin. This precisely was the effect on the
spin found in the flight tests., (see reference 5, part IT.)

In the gquestion of tail design, two gserious difflcul-
ties are encountered which complicate the problem of pro-
ducing damping yawing moments in the spin. Flrst, under
conditions involving large inward sideslip, the gedmetry
hinders the production of damping moment evén to the point
of making zero angle of sideslip at the tail; end secondly,
blanketing of the vertical surfaces by the other parts of
the tail greatly decreases, in most common designs, what
moment might be produced. The problem of the unfavorable
geometrical relations is not inherent in the tail design,
but may be solved by so adjusting the wing aerodynamic
rolling moments that outward sideslip will be regquired for
rolling-moment equilibrium. The seriousness of the blan-
keting effect is clearly shown by the smoke-flow tests
(reference 15), by the lack of change in the spin resulting
from removal of the fin of the NY-1 airplane (reference 1),
and by numerous other instances, which also could be cilted.
This inefficiency of the vertical surfaces caused by blai-
keting may, in a measure, be compensated for by meking the
vertical surfaces very large, but there is urgent need of
a satisfactory and effective solution of the problem in or-
der that wing cellules now in common use may be employed
without the danger o6f poor airplane spinning properties,
The effect of blanketing is of importance to recovery as
well as to the steady spin, because the efficiency of the
rudder in producing damping moments is as badly impaired
as that of the vertical fin. - s

Some experiments have already been made that show the
result of elimineting a large fraction of the blanketing
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(refarences 3, 4,_and 13).  The blanketing was, diminished
by ‘moving the horizontal surfacep,up. t0 a new poaition at
the. top-of the Tin and rudder. The change greatly im-
proved both "the. Mmmdy s§pin and, ‘the’ rocovery. Other and =
possibly better methods for diminxshing ‘the effect of blan-
keting could undoubtedly be found. . . Coe

S 0 T ¢ONCLUSIONS

" L. The. effects of mass. distribution dn the equilibrium
of the spin were fonpd to be: :

(a) Hass extenaed along the 1ong1tudina1 axls,

. for variations of thils factor likely to be encountered
ih conventional designs._ If a mass arrangement corre-
sponding. to & very great retraction of the mass along

. 'the longitudipal axis 1s possibdle, beneficial_;eaults

' may be. expected. _ _ _ - .

. (v) Extension of mass’ along the lateral axie ia

. detrimental if the’ aerodynamic properties require that
’the airplaae spin with ‘the inner wing tip down. If
;this axid 1s nearly horizontal in the spin, distribu—
tion of mass ‘alorg it has xno effect. |

* (¢) Txtension of mass along the nbrmal axis may
be detrimental if of smell magnitude, or very benefi-
cial if of large magnitude. )

. 2. Aerodynamit moments affect the equilibrium of tha
'ﬁpin as followas: o _ y : .

(a) Rolling moment merely alters the GQuilibrium
condition, the most important diTTerence being a change
in angle of sideslip. . ' .

(b) Pitching moment’, Wnen of practical magnitudes,
has very 1ittle effect on the spln equilibrium..

(c) Damping vaWLng moment wnen of small magnituda
causes decreage in angle of attack and rate of rota-
.tion, for ordinary spins, and when of Jarge magnitudae

;prevents equiliorium. ' s I
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3. Airfoils.and wing cellules should be chosen on the
basis ,of the.nature of the chord~force curve as well as on
the basis of performance characteristics. Absence of posi-
tive slope, or, better, the existence of negative slope
throughout the complete angle-of-attack range glves zZero or
stable yawing moments. : Lo -

4, The damping yawin msment of the tail of the air-
plane durlng a spin should be made as large as possible.

Langiey Mémorial Aeronéﬁtical Laborator&, )
National Advisory Committee for Aeromautics,
Langley Field, Va., August 3,:l933. : -
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